A general multi-step N −→ M probabilistic optimal universal cloning protocol is presented together with the experimental realization of the (1 → 3) and (2 → 3) machines. Since the present method exploits the bosonic nature of the photons, it can be applied to any particle obeying to the Bose statistics.
A most relevant limitation in quantum information processing is the impossibility of perfectly cloning (copying) any unknown qubit |φ [1] . Even if this process is unrealizable in its exact form, it can be approximated optimally by the so-called universal optimal quantum cloning machine (UOQCM), one which exhibits the minimum possible noise for any possible input state. From a theoretical perspective, two different kinds of universal cloning machines have been developed so far: a deterministic N → M UOQCM based on a unitary operator acting on N input qubits and 2(M − N) ancilla qubits [2, 3] and a probabilistic UOQCM based on a symmetrization procedure involving a projective operator acting on N inputs and (M − N) blank ancilla qubits [4] .
In the last years several experimental realizations of the UOQCM for polarization (π−) encoded photon qubits have been reported. The deterministic UOQCM has been realized by associating the cloning effect with QED stimulated emission [5] while the probabilistic machine has been realized adopting a linear symmetrization protocol [6] . Thus far, only the simplest 1 → 2 cloning processes, i.e. for N = 1 and M = 2, were realized by both schemes.
In particular, the probabilistic process was achieved by exploiting the bosonic character of the photons within a linear Hong-Ou-Mandel interferometer scheme [7] .
The present work presents the first generalization of the universal optimal cloning process by the realization of a very general linear procedure to extend the probabilistic protocol to any value of N and M according to a suggestion by Werner. [4] . The validity of this theoretical scheme is supported by the here reported experimental implementations of the 1 → 3 and 2 → 3 probabilistic processes for π−encoded photon qubits (π−qubits).
Let us outline first the N → M probabilistic cloning theory. Consider N identically prepared unknown qubits in the state ρ i = |φ φ| as input of the cloning machine while 
where
is the success probability of the procedure. All the identical output clones are described by the same output density matrix σ
the "fidelity" of the optimal cloning process [2, 3, 8] . In the case of our present experiment, the value of these parameters for the 1 → 3 and 2 → 3 machines are found respectively:
, F 2→3 = 11 12 .
In order to implement the process expressed by Eq.1, consider that any generic 1 → M cloning process can in facts be realized by a chain of (M − 1) intermediate identical machines according to the operatorial identity: 2 . This implies that the symmetrization of M qubits can be carried out step by step e.g. starting from the symmetrization of the two input qubits ρ and ρ, as shown in Fig. 1a [8] . Precisely, the state ̺ (i) realized at the output of any i th machine in the chain, i.e. of the overall 1 → i device, belongs to the set:
Note that in the above expressions the input states, i.e. the pure ρ ≡ |φ φ| and the fully mixed ρ ≡ I 2
, can be interchanged leading to the two equivalent configurations shown in After projection by BS A in the symmetric subspace, the output state realized on the output mode k 2 was expressed by:
where the notation φφ ⊥ stands for a total symmetric combination of the states |φ and φ ⊥ . The identical condition realized on mode k 1 was neglected, for simplicity. The two clones j = 1, 2 emitted over k 2 were expressed by the same operators:
In the experiment a pair of photons was generated by spontaneous parametric down . In analogy with the first step experiment, this state was obtained by means of a EOP , P B acting on a highly attenuated quasi single-photon beam expressed by the π−qubit |H B , deflected from the main laser by the mirror M, and delayed by Z B = 2c∆t B via an "optical trombone". Once again, the condition Z B = 0, dubbed here as "BS Binterference" condition, was made to correspond to the maximum overlapping of the 2 input modes of BS B . In particular, in no-"BS A -interference" condition, i.e. for |Z A | ≫ 2cτ coh , the "BS B -interference" corresponded to the maximum overlapping in BS B of the mixed states ρ A and ρ B . In summary, the overall 1 → 3 machine was excited by the input state ρ
, i.e. by the pure state ρ S to be cloned and by two mutually uncorrelated mixed states ρ A and ρ B . By applying to this state the projector Π
the symmetrized output state is obtained:
Each one of the identical clones j = 1, 2, 3 can be thought to be expressed by the reduced den-
|φ φ| + , to be mapped onto the 3 clone output state, according to:
Each output clone j = 1, 2, 3 could be expressed by the state σ
Once again, the |φφφ and {φφφ ⊥ } components of ρ In summary a very general and efficient linear multi-step optical procedure for the probabilistic N → M optimal universal cloning machine has been proposed together with the successful experimental realization of of the first two steps, i.e. the (1 → 3) UOQCM. Fur-thermore, the probabilistic (2 → 3) UOQCM, was also demonstrated by a straightforward variant of the same protocol. This shows that a very similar protocol can be adopted to implement contextually the N → M UOQCM, the N → (M − N) Universal NOT gate and any programmable anti-unitary map [9] following the very general symmetrization procedure recently proposed by [10] . Since the present method basically exploits the bosonic nature of the photons, it can be straightforwardly applied to any particle obeying to the Bose statistics. On a more sophisticated technological perspective, the present protocol is expected to find applications as a realization of a general, multi-qubit device based on the state-symmetrization process to be used in modern Quantum Information networks. [11] [12] [13] .
(b) Experimental set-up of a 1 → 3 cloning process. 
